In constructing concepts about photosynthesis I shall use a historical approach. Since I am not by nature a historian, I have to disclaim any implication that the result will be a valid history. On the contrary, I shall present a highly editorial account based only on the qualifications that I have worked in the field for most of the period to be considered.
The concepts of photosynthesis of 50 years ago were summarized by the monographs of Spoehr (33) and Stiles (35 There is little doubt that the greatest impact of the 1920's was made by Otto Warburg. However, it is a little surprising to consider that it was not biochemical; in fact, I shall develop the thesis that it was antibiochemical. But we should note first that Warburg's major contribution was technological rather than theoretical. He introduced, in 1919, (40) the manometric method for measuring gas exchange and a new experimental organism, Chlorella. Fifty-five years later both the method and the experimental organism are still in use. In order to appreciate the importance of that contribution it is necessary to consider the methods which had been in use for measuring the rate of photosynthesis.
The most informative methods were those which in some way measured gas exchange. They were macromethods having sensitivities measured in milliliters of gas. This meant large samples, leaves or whole plants, large areas to be illuminated, and rather lengthy experiments usually measured in hours. Warburg's new method suddenly increased sensitivity to measure microliters of gas exchanged and thereby decreased correspondingly the size of sample and the time of observation. Experimental material was an algal cell suspension which could be aliquoted. Sampling problems became minor. Smaller and more manageable light beams could be used.
I digress, to consider the important advance of the Warburg method in shortening the time base of experimental measurement. Subsequent technological advances have given far greater improvements in time resolution. We measure and distinguish biochemical events, faster photochemical events, and still faster photophysical events (Kamen's [26] time eras of photosynthesis). The Warbug method improved the time base from hours to minutes and thereby relieved us of the constraint of measuring only growth-bound or over-all metabolism. If Gaffron (14) showed that one also needed to think of metabolic-like donors even if the photochemical event were performed on a Chl CO2 complex. But he also went on to achieve "an experimental modification of the behavior of green algae so that photosynthetically they have become purple bacteria" (39) . Gaffron A third significant advance of the 1930's was the development of photoelectric spectrophotometry (23) and a renewed development of chromatography (45) for purification of plant pigments. It became possible to make rapid and quantitative analysis for Chl a and b and the other plant pigments (7) .
It was in the early 1940 The Utrecht Biophysical Group, arguing first from effects of H-donor limitations on fluorescence in purple bacteria, came to a simple proposition: fluorescence is "an energy flow meter," an (inverse) "measure of the transfer of energy to the photosynthetic energy acceptor" (27) . James Franck (13) The phenomenon is less than completely understandable today, though it has been widely used as a tool. Perhaps its major impact, developed by Arnold (2) , is that some of the events in a photosynthetic membrane are describable in terms of the electrons and holes of solid state physics.
The late 1950's saw the accumulation of anomalies which, in the end, gave rise to recognition of two photoreactions. This became a transition in thought so drastic that one can speak of the 1960's as the beginning of a modern era in photosynthesis. It is useful to ask why was that transition so drastic and traumatic? My own answer also contains a lesson. It had been perfectly sensible to follow the assumption of a single kind of photochemical event. That was the simplest possible assumption. Where we had erred was in not recognizing, in leaving tacit, that assumption.
I purposefully shall dwell on the first recognized anomaly. At the 1957 Gatlinburg Conference, Blinks reported his observation of chromatic transients (5) . He had quickly shifted his monochromator between two wavelengths which happened to give equal rates of oxygen evolution. Immediately after the wavelength shift, there were marked transients in rate of oxygen evolution. Today the observation can be considered an entirely expected result of the characteristic of two light reactions. The first report was greeted by that evidence of disbelief viz. search for trivial explanation. Naturally Blinks himself had no sensible explanation other than that it might be a respiratory artifact.
A second anomaly was Emerson's (12) enhancement phenomenon. This one was more evident because it dealt with the more familiar quantum yield. At long wavelength the unexplained drop in quantum yield was (at least partially) prevented by a supplemental light of properly chosen wavelength. And the best choice of wavelength for supplemental light was one at which there was a high fractional absorption by an accessory pigment.
A third anomaly arose in the behavior of P-OQ. The discovery of P-,. in itself had been an achievement notable in conceptual design and experimental development. Kok (29) had set out to find the ultimate photoreceptor of photosynthesis, hopefully to be recognized by a small absorption change on the long wavelength side of the large in vivo Chl absorption band. Anyone who has measured P7. by our current and abridged methods cannot help but be impressed by the experimental sophistication which led to Kok's demonstration of P7T as (at least a part of) the reaction center for photoreaction 1. The anomaly provided by P7. was that far red light bleached it, while red light (<670 nm) restored absorption. This led to the first proposal, explicit in terms of separate quantum yields and rate constants, for two separate light reactions (29) .
A fourth anomaly involved the Cyt and developed along two different converging attacks. Hill's laboratory had demonstrated two chloroplast Cyt, f and b6, which appeared similar to mitochondrial Cyt c and b. In search of a function for Cyt f and b6, with potentials of about 0.37 and 0 v, Hill and Bendall (19) were led to suppose a minimum of two light reactions separated by an exergonic electron transfer. By putting this magnificent speculation on a potential diagram they gave birth to the Z-scheme (Fig. 1) .
In a second attack Duysens (9) had been searching for in vivo absorption changes at 420 nm and 550 nm ascribable to Cyt f. Light-minus-dark difference spectra showed the expected bands as an oxidation of the Cyt by white light. With monochromatic actinic lights a new characteristic emerged. In Porphyridiuim, 680 nm of light rapidly oxidized, but an added 562 nm of light partially reduced, Cyt f as evidenced by its 420-nm absorption band. Added DCMU blocked the reducing effect of 562 nm. Cyt f oxidation was thereby ascribed to a photosystem 1 and its reduction to a photosystem 2.
By the early 1960's, the accumulated anomalies had forced the acceptance of the necessity for two light reactions, photoreactions 1 and 2 occurring at different reaction centers, and pigment systems 1 and 2 as their corresponding pigment antennae. Presumptive evidence was at hand for a series arrangement of the two photoreactions and their interaction in terms of electron transport between them, viz. the Z-scheme. Alternative possibilities were envisioned and developed to explain various localized observations. But no alternative hypothesis accommodated so many different kinds of observations. Additional components such as the plastoquinones, plastocyanin, and ferredoxin were fitted to the scheme.
The essential argument for the Z-scheme has been developed by evidence that (at least a major fraction of) electron flow in photosynthesis occurs between the light-reducible side (Q) of the system 2 reaction center to the light-oxidizable side of the system 1 reaction center. Most of the evidence has been obtained by perturbing the system in some way, by a light flash or wavelength change, and observing the kinetics of return to a chosen steady state (e.g. 1, 25, 30, 44) . Out of this has come information on pool sizes of intermediates, their apparent sequence, and rate constants. It is noteworthy that the limiting rate constant of about 100/sec (referenced to Q, 25 C) roughly corresponds to the long ago estimated maximum turnover rate for a photosynthetic unit. Internal consistency is provided by reasonable correspondence obtained from observations of 02 evolution (beyond the oxidized side of center 2), variable fluorescence (reduced side of center 2), PTO (oxidized side of center 1), and viologen dye reduction (beyond the reduced side of center 1).
The Z-scheme has been embraced avidly by the textbook writers as a graphic framework used to show how real-life photosynthesis works. I prefer to think of it as a working hypothesis which is supported by or consistent with most (but not all) pertinent data. It is manifestly incomplete in at least two important ways. We have no hard information on (a) the arrangement and relative numbers of the two kinds of reaction centers, or (b) the stoichiometry between the two light reactions. (Kinetic models assume a 1: 1 stoichiometry, only for convenience.) Even at best, the Z-scheme is a partial or limited hypothesis since it really concerns interaction between the two photoreactions at a metabolic (or electron transport) level. I will call it the first hypothesis.
A second hypothesis is needed to explain the events which precede the photoreactions: how is excitation energy delivered to two different reaction centers in such a way as to run the total system at maximum and rather high quantum yield? The simplest idea (9) is that of two rigid or separately packaged pigment systems. But there are sufficient anomalies that one can be less than satisfied. There has remained a recognized question whether there may be a spillover of excitation energy from pigment system 2 to system 1. Perhaps it might be better to question whether pigment systems 1 and 2 (those pigment molecules rigidly bound to their respective reaction centers) really include all the light-harvesting pigment molecules. Even on the question of the architecture of pigments and reaction centers we do not have hard information. We do not know whether reaction centers are arranged in a continuous bed of a pigment system (giving only statistical meaning to a photosynthetic unit) or whether they are arranged with their pigments in discrete (walled-off) units. In short, the second hypothesis is firm in the concept of migration of energy among pigment molecules and trapping by reaction centers but it is soft on the details of traffic control.
A third hypothesis is needed to understand the unique events which occur at the reaction centers. Both centers are usually pictured as complexes at which electronic charges may be physically separated and made accessible to metabolic electron carriers. Thus, center 1 has been postulated as undergoing the reaction P430' P70,, 430-p700 in which the two moieties are distinguished by absorption changes at the designated wavelengths (22) The latter part of this discussion I have framed in terms of a series of hypotheses. I wanted to show that what we have been doing is a dissection or resolution of the total problem of photosynthesis into separable points of attack. This is in sharp contrast to, and a long way ahead of, the early attempts at allembracing theories. I have also tried to distinguish at least some of the places where our hypotheses are soft and our ignorance greater. For it is ignorance, rather than knowledge, which drives us (16) . In trying to formulate discrete partial hypotheses there are also recognized dangers. I certainly am subject to criticism in the sense that no two people in the field are likely to choose the same degree of resolution for different parts of the total system. In a more general sense there is a danger that discrete partial hypotheses must also imply unit processes. We are well aware of the mistakes that can be made in biological systems by applying the unit process approach of the chemical engineer.
The earlier part of this discussion considered concepts, some which survived, some which failed. Of those that survived some were faulty or downright erroneous in their original context. Of those that failed, some were at one time widely accepted.
One reaches the conclusion that some of the concepts we cherish today will perish tomorrow. I find no comfort in the common statement often found in the introduction of a current paper: "It is generally accepted that...." I 
